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Abstract 
Tensile tests and gas blow forming were performed to explore the deformation behavior of a fine-grained AZ31B Mg 
alloy sheet. This work studied the decrease in forming time in gas blow forming using fine-grained Mg alloy AZ31B 
thin sheet with a thickness of 0.6 mm. The stress-strain rate data showed that fine-grained AZ31B thin sheet on 
testing at 420 ºC exhibited strain rate sensitivity exponent values of approximately 0.290.36 in a strain rate ranging 
from 4×103 and 2×102 s1, indicating that the dislocation creep would be a possible deformation mechanism to 
reduce forming time in gas blow forming. The alloy sheets were successfully deformed into a shallow rectangular pan 
using constant gas pressure forming. The deformation characteristics of gas blow forming were discussed. As a result, 
a significant reduction in forming time was achieved, in which a rectangular pan was formed with a height of 10 mm 
in less than 105 s at 420 ºC. Pan forming revealed that the maximum average stain rates of 7.0×103 and 8.7×103 s1 
were obtained for forming at constant pressures of 2.6 and 3.2 MPa, respectively. Fillet radius of the rectangular pan 
should be one of the key factors influencing forming time on closed die gas blow forming. 
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1. Introduction 
Recently, the desire to reduce vehicle weight and improve fuel efficiency has raised the need for the 
deformation of large complex-shaped products made of Mg alloys [1]. Conventional stamping of Mg 
alloys into sheet parts is limited by their relatively low formability. Superplastic forming (SPF) is an 
effective method to overcome this limitation. A significant problem in the commercial application of SPF 
on AZ31B alloy is the low deformation rates (103–104 s1) [2], which is undesirable in mass production. 
Superplasticity corresponds to deformation conditions in which grain boundary sliding (GBS) is the 
dominant controlling mechanism, with a value of m close to 0.5. However, the dislocation creep is 
expected to be the major deformation mechanism at higher strain rates and/or at lower temperatures [3]. 
Although the m-value of the dislocation creep is not as high as that of GBS creep, the dislocation creep 
produces medium strain-rate sensitivity exponent (m = 0.33 to 0.2) and can provide sufficient tensile 
ductility [4]. Watanabe et al. [4] reported that a high ductility of 196% at 375 °C observed in a coarse-
grained AZ31 Mg alloy is attributed to the deformation mechanism of glide-controlled dislocation creep. 
Del Valle et al. [5] indicated that the enhanced ductility of the AZ31 alloy in the lower strain-rate regime 
is attributed to the concurrent operation of GBS and crystallographic slip. These results indicate that the 
dislocation creep can be the controlling mechanism for a fine-grained AZ31B Mg alloy, and that the gas 
blow forming process with a higher pressurization rate can be used to reduce forming time. 
In the present study, the deformation characteristics of a commercial-grade fine-grained AZ31B alloy 
using uniaxial tension and gas blow forming were investigated. Constant pressure forming was developed 
with the intention of reducing forming time during gas blow forming. Deformation characteristics during 
gas blow forming were quantitatively analyzed and a detailed description on the deformation behavior of 
the AZ31B alloy sheet under conditions of uniaxial and biaxial tensile deformation was provided. 
2. Experimental 
This work used the Mg alloy AZ31B-O thin sheet with a thickness of 0.6 mm provided by POSCO 
Company of Korea. The analyzed chemical composition was (wt-%) Mg-3.01Al-0.98Zn-0.32Mn and the 
average grain size was approximately 5.7 Pm before forming. The optical image of the original sheet 
microstructure is presented in Fig. 1. 
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Fig. 1. Optical image of the microstructure of the fine-grained AZ31B      Fig. 2. Pressure–time profiles for hot rapid gas blow Mg 
alloy.                                                                                                              forming. 
50 µm
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The sheet type tensile specimens were machined according to the ASTM B-557M standard with a 
gauge length and width of 25 and 6 mm, respectively. Uniaxial tension tests were conducted along the 
rolling direction on the three samples for each test at temperatures from 250 to 420 ºC and at constant 
crosshead speeds, giving initial strain rates in the range of 4×103 to 1×101 s1. 
Gas blow forming was carried out at a temperature of 420 ºC. The rectangular die had a cavity of 110 
mm (length) × 50 mm (width) × 10 mm (depth) with a die entry radius of 2 mm and a draft angle of 3º. 
Several interrupted tests were performed to deform the sheets to various degrees of heights for each test. 
Gas blow forming tests were conducted according to the pressure-time profiles shown in Fig. 2. 
Grid circles of diameter d0 (2.5mm) etched on the sheets were employed to measure the strain levels in 
each test. During forming the etched circles were distorted into ellipses and/or larger circles. After 
deformation, measurements of the major and minor diameters, d1 and d2, respectively, were made to 
calculate the principal strains, effective strains, average strain rates and instantaneous strain rates. 
3. Results and Discussion 
3.1. Tensile tests 
The uniaxial tensile curves obtained at a strain rate of 4×103 s1 and various temperatures are given 
Fig. 3. The flow curve at 250 ºC exhibits the power law constitutive relation (in the approximation of 
nİKı  , where n is the work-hardening exponent) until peak stress is reached. At this level, a softening 
region leading to fracture was observed. Additionally, a lower hardening effect and a longer softening 
region leading to fracture were noted on testing at a higher temperature. Fig. 4 shows the true stress–strain 
relationships of the fine-grained AZ31B-O alloy sheet on testing at 420 ºC and various strain rates. The 
flow curve in a relatively high strain rate range of 1×102 to 1×101 s1 reaches a peak value, then 
decreases quickly followed by fracture. The flow curve at a lower strain rate of 4×10í3 sí1 transforms into 
a steady-state regime, wherein the flow stress is almost independent of strain at higher strains. 
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Fig. 3. Tensile flow curves of Mg AZ31B alloy sheets tested at an          Fig. 4. Tensile flow curves of Mg AZ31B alloy sheets tested 
initial strain rate of 4u103 s1 and various temperatures.                         at 420 °C and various initial strain rates. 
Figs. 3 and 4 show the great dependency of stress on strain rate at elevated temperatures, in which 
stress increases significantly with strain rate. No steady-state stress was achieved on testing at higher 
strain rates and lower temperatures, as shown in Figs. 3 and 4. To characterize the influence of strain rate 
on the flow stress, the relationships between the peak flow stress ıp and the strain rate İ  in a log-log scale 
at the temperatures of 370 and 420 ºC are plotted in Fig. 5. With regard to the approximation, the peak 
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stress is used as one of the representative flow stresses to evaluate strain-rate sensitivity exponent, m, 
which is defined as the slop of the double logarithmic plot of flow stress versus strain rate. A nearly linear 
relationship was observed between the logarithmic flow stress and logarithmic strain rate on testing at 370 
ºC. The value of m is evaluated to be approximately 0.25. The stress variation as a function of strain rate 
on testing at 420 ºC shows that the m-value depends on the test strain rate. The m-value decreases with 
increasing strain rate, as illustrated in Fig. 5. A high m-value of approximately 0.36 was obtained in the 
strain rate range at less than 1×102 s1. However, within the high strain rate range of more than 2×102 
s1, the m-value was reduced to approximately 0.22. 
Values of m close to 0.5 are frequently obtained, suggesting that GBS is the dominant rate-controlling 
mechanism [6]. For higher strain rates, the m-value is significantly reduced to approximately 0.2, and the 
deformation mechanism is related to the dislocation creep [7]. The dislocation creep plays an important 
role in the deformation conditions, while simultaneously preserving significant capacity of deformation. 
The tensile test results therefore indicate that the fine-grained AZ31B alloy sheet with m-values of 
approximately 0.290.36 is possible to be deformed at a strain rate in the order of approximately 102 s1 
and a temperature of 420 ºC to reduce forming time in gas blow forming. 
3.2. Shallow rectangular pan gas blow forming 
Fig. 6 illustrates the formed shallow rectangular pan to show the status of the deformed grid circles. 
The effect of imposed pressure on the deformation contour and metal flow for forming at two different 
pressurization profiles is depicted in Fig. 7. Forming at CP420-105 with a lower imposed pressure of 2.6 
MPa results in lower surface friction between the deformed sheet and bottom surface of the die after the 
sheet touches the die. Some displacement of metal flow could be observed for the overlaid region, as 
shown in Fig. 7(a). Metal flow moves from the bottom center and die entry region toward the bottom 
corner. A greater interfacial friction alters the metal flow for forming at CP420-70 with a higher imposed 
pressure of 3.2 MPa. Metal flow moves from the bottom center and die entry region toward the location 
near the bottom corner on the die bottom surface, as shown in Fig. 7(b). Fig. 7 also indicates that forming 
at CP420-105 with a lower imposed pressure exhibits greater displacement of the overlaid region 
compared to that of forming at CP420-70 with a higher imposed pressure. Theses results indicate that the 
effect of the imposed pressure values on the metal flow in constant pressure forming is similar to that of 
die surface roughness and lubrication in closed die gas blow forming [8]. In a constant pressure test with a 
die cavity having a half-width greater than its depth, the deformed sheet quickly comes in contact with  
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Fig. 5. Variation in peak flow stress with strain rate in fine-grained        Fig. 6. Image of the formed rectangular pan to demonstrate 
Mg alloy AZ31B alloy.                                                                              the deformed grid circles.  
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Fig. 7. Deformation contour and metal flow of the sheet during rapid gas blow forming deformed at 420 °C and two different 
pressures. (a) 2.6 MPa and (b) 3.2 MPa. 
the bottom surface of the die cavity (Fig. 7), however, it needs much more time for the sheet to make 
contact with the die walls. 
In order to quantify the die filling behavior, the fillet radius of the formed pan was measured. The fillet 
radius evolution can be used to analyze the die filling behavior. Variation in the fillet radius as a function 
of forming time is given in Fig. 8. A nonlinear relationship between fillet radius and forming time was 
observed. Variations in fillet radius with forming time are similar for both pressurization profiles. The 
reduction in fillet radius can be characterized by three distinctive regions: initially, the radius decreases 
rapidly, then a lower reduction rate stage is reached, and finally, a quite low decreasing rate occurs in the 
later stage of forming. The deformed sheets reach the same fillet radius of 1.7 mm at the end of forming 
for both imposed pressures. Approximately 45 and 80 s is needed for the fillet radius to reduce from 
3.43.5 mm to 1.7 mm for forming at CP420-70 and CP420-105, respectively. These results imply that 
the die fillet radius is one of the key factors influencing forming time for closed die gas blow forming. 
Although a smaller fillet radius can be reached, the forming time may increase tremendously. The 
forming time for forming a component with a very small fillet radius appears non-cost effective for 
industrial applications. 
The effect of imposed pressure on the thickness distribution of the formed rectangular pan is 
demonstrated in Fig. 9. The thinnest positions locate at approximately 18 and 20 mm away from the 
bottom center of the formed pan for forming at CP420-70 and CP420-105, respectively. However, a more 
uniform thickness distribution was observed for forming at CP420-105. When the sheet comes in contact  
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Fig. 8. Variation in fillet radius of the formed pan as a function of     Fig. 9. Thickness distribution along the transverse cross-section 
forming time deformed at 420 °C and two different pressures.            of the formed pan deformed at two pressures and 420 °C. 
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with the die surface, the deformation in that contact area is restricted. Additionally, thinning is localized 
in the non-contact areas, resulting in a greater degree of thinning. If the interfacial friction is reduced, 
such as in the case where a lower pressure of 2.6 MPa is applied, the thinning gradient of the formed part 
is reduced because continued metal flow after contact is possible. The thinning effect of the deformed 
sheet on forming at CP420-105 continues to take place in the overlaid region during forming, which also 
leads to the shift in the thinnest position slightly further away from the bottom center than that for 
forming at CP420-70. 
4. Conclusions 
Deformation characteristics of fine-grained Mg alloy AZ31B thin sheet were studied using tensile tests 
and constant pressure gas blow forming. Detailed uniaxial and biaxial experiments clearly indicated the 
effectiveness of constant pressure forming in reducing forming time. Tensile test results indicated that 
dislocation creep is the major rate-controlling mechanism at a strain rate in the order of 102 s1 for fine-
grained AZ31B alloy, and reducing forming time is possible by gas blow forming. 
A shallow rectangular pan with a width to depth ratio of 5 was also successfully formed in less than 
105 s. Constant pressure forming of the fine-grained Mg alloy AZ31B sheet showed its potential for 
future practical applications. Variation in the fillet radius of the formed pan with forming time indicated 
that the forming time was strongly dependent on the fillet radius. Fillet radius of 1.7 mm was achieved for 
forming at a pressure of 3.2 MPa in 70 s. A smaller fillet radius might tremendously increase the forming 
time. A compromise between the designed fillet radius and the forming time might be necessary to meet 
the requirements of mass production. 
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